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Abstract- The aim of this work is to give an approach to the 
Performance-Oriented Model of Variable-Speed Wind turbines 
(VSWTs) equipped with permanent magnet synchronous 
generator (PMSG), and compare it to the component-oriented 
model. In the present work it will be analyzed how a change in 
the wind speed affects the power delivered from the generator 
by means of two approaches: firstly, the component-oriented 
model of the VSWT-based PMSG is given, i.e. the dynamic 
equations of the system are shown, and then, it is discussed how 
to obtain an equivalent transfer function of the whole system. A 
comparison between both approaches is discussed in this work. 
 
I. INTRODUCTION 
Although the utilization of wind energy has a very long 
tradition, it was not until the end of the 1990s that wind 
energy became one of the most important sustainable energy 
resources, partly because of the increasing price of the oil, 
security concerns of nuclear power and above all awareness 
about the climate change. The last issue is one of the main 
reasons that have lead to a full research into renewal energy 
sources to provide the electricity demand around the world. 
Moreover, as wind energy is abundant and it has an 
inexhaustible potential, it is one of the best technologies 
today to provide a sustainable supply to the world 
development. 
The use of wind power has growth considerably during 
lasts years. By the end of 1996 the total capacity of wind 
power was around 6 GW, whereas in 2008 it represented 
more than 120 GW, producing 142 TWh of electricity [1]. It 
gives an idea of the importance that this renewal energy has 
nowadays.  
The first step to study the integration of wind energy into 
the electrical grid is to model the whole system properly and 
simulate it. Nowadays there exist several power system 
simulation tools, e.g. PSS/E, DigSILENT, SABER or 
PSCAD/EMTDC (in the present work the simulations has 
been carried out via PSCAD/EMTDC simulation tool). A 
comparison between the last two simulation tools is done in 
[2]. These tools include built-in models of the different 
components of a wind power plant, which are convenient for  
 
 
 
load flow and dynamic simulations of power systems. 
However, it is necessary to develop wind turbine and wind 
power plant models to analyze the interconnection of these 
systems to the electrical grid.  
Depending on the time frame of the simulation, which is 
determined by the purpose of the simulation, the level of the 
detail of the model varies [3]. As a result, the time scale of 
the simulations will be from few milliseconds to several 
minutes. With the typical time frame used in large power 
system stability studies, which approximately 0.1 s [4], it is 
not practical to model a wind turbine or a wind power plant 
that requires a very small time step. Normally, when the 
complexity of the model increases, it is necessary a smaller 
integration time. Taking into account this observation, a 
performance-oriented model [5] for a wind turbine has been 
proposed as an alternative to a component-oriented model. 
This approach requires a detailed knowledge of the WTGS as 
well as the power system analysis to be carried out. For this 
reason, before developing the performance oriented model of 
the wind turbine, it is necessary to describe the component 
oriented model of the WTGS. 
This work focuses on the model of VSWTs equipped with 
PMSG because it is the most promising option for the 
electricity supply as far as wind energy is concerned. In fact, 
PMSGs have the windings excited by means of permanent 
magnets located on the rotor, meaning higher efficiency and 
less maintenance. What is more, multi-pole PMSGs can be 
used without a gearbox, which implies a reduction of the 
weight of the nacelle as well as a reduction in costs.  
The rotor aerodynamics, drive train and generator and its 
control will be modelled, whereas the integration of the 
system to the electrical grid will not be considered. A 
comparison between the component-oriented model and the 
performance-oriented is done in this paper.  
 
II. SYSTEM DESCRIPTION 
The system analyzed is a VSWT based on a multi-pole 
PMSG, depicted in Fig. 1. Due to the low generator speed, 
the rotor shaft is coupled directly to the generator, which 
means that no gearbox is needed.  
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The generator is connected to the grid via a back-to-back 
converter, which consists of two conventional pulse-width 
modulated (PWM) voltage source converters (VSCs). The 
capacitor between the inverter and rectifier permits to 
decouple the control of the two inverters. The generator-side 
converter is controlled to regulate the generator speed and the 
active power supplied by the generator [6][7], whereas the 
goal of the grid-side converter is to control the reactive power 
injection to the grid [8][9]. The current is filtered before 
being supplied to the grid (harmonics must be reduced) and a 
transformer, which is located between the inverter and the 
point of common connection (PCC) raise the voltage in order 
to avoid losses in the transport of the current.  
It should be noted that this study is dedicated to model and 
simulate the system from the wind turbine to the PMSG (with 
the control of generator-side converter). For this reason, dc-
link, transformer, grid, rectifier, inverter model and its control 
as well as pitch angle control will not be considered. 
 
III. THE COMPONENT-ORIENTED MODEL 
The dynamic equations that describe the model of the each 
part of the system are described below. 
1. Wind Speed Model 
A complete speed model consists of the sum of four 
components (constant, ramp, gust and noise) [10]. However, 
it is usually taken into account a step change in the wind 
speed in order to analyze if the systems behaves properly due 
to this change.  
2. Aerodynamic Model 
The aerodynamic model is very well documented in the 
literature. For example, in [11] one can find that the relation 
between the power extracted from the wind and the wind 
speed, which is known as the rotor aerodynamics is 
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where Pw is the power extracted from the wind (W), ρ is the 
air density, which is equal to 1.225 kg/m3 at sea level at 
temperature T = 288 K, cP is the power coefficient, vw is the 
wind speed upstream of the rotor (m/s) and A is the area 
swept by the rotor [m2] (A=πR2, being R the radius of the 
blade in m). 
There are four alternatives for modelling the aerodynamic 
 
system of a wind turbine, namely the blade element method, 
cp lookup table, wind speed-mechanical power lookup table 
and analytical calculation [11]. In this work, the last approach 
is taken into account. The idea is to approximate the cp(λ, θ) 
characteristic by the following form 
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Since the function depends on the wind turbine rotor type, 
the coefficients c1-c6 and x can be different for various 
WTGS. The proposed coefficients [11] are: c1 = 0.5, c2 = 116, 
c3 = 0.4, c4 = 0, c5 = 5, c6 = 21 (x is not used because c4 = 0). 
Additionally, the parameter β is also defined in various ways. 
For example, the parameter β in [11] is defined as 
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Where θ is the pitch angle (rad), which is the angle 
between the plane of rotation and the blade cross-section 
chord, and the tip-speed ratio λ is defined as 
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where ωt is the angular velocity of rotor (rad/s), R is the 
rotor radius (m) and vw is the wind speed upstream of the 
rotor (m/s). 
An example of the cp(λ, θ) characteristics computed taking 
into account (2-4) and the above parameters c1- c6 for a given 
rotor diameter R, rotor speed ωt and for different values of 
blade pitch angle θ is presented in Fig. 2. 
The amount of aerodynamic torque (τw) in N·m is given by 
the ratio between the power extracted from the wind (Pw), in 
W, and the turbine rotor speed (ωw), in rad/s, as follows 
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Fig. 1.  Electrical scheme of a variable speed wind turbine equipped with a
PMSG.  
 
Fig. 2. cp curve for different pitch angles.  
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3. Drive Train Model 
A drive train of a WTGS can be seen as a multi-mass 
system, consisting of 6-mass, 3-mass, 2-mass or single-mass 
model [12]. The 6-mass model has six inertias, namely three 
blade inertias, hub inertia, gearbox inertia and generator 
inertia. The 3-mass model consists of three inertias, which 
include the generator rotor, the turbine hub and the blades. In 
the 2-mass model, the drive train is modelled as two inertias, 
corresponding to those of turbine and generator. 
If a 6-mass or 3-mass model is utilized, the complexity of 
the model increases, which is not desired in power system 
stability studies. In fact, only the lower frequency is of 
interest in such a study. As concluded in [12] a two-mass 
model is sufficient for representing the dynamics of a turbine 
drive-train for a power system stability analysis. 
Fig. 3 shows a scheme of a mechanical drive train, 
consisting of two masses. It can be observed the presence of 
three damping components, namely turbine self damping Dt 
(representing the aerodynamic resistance taking place in the 
blade), generator self damping Dg (which corresponds to 
mechanical friction and windage) and damping coefficient of 
the shaft Ds (representing the dynamics that occur because of 
the different speeds between the generator rotor and the 
turbine shaft). All of damping coefficients are measured in 
N·m·s/rad. 
The mathematical equations of a two-mass drive train 
model, neglecting the turbine and the generator self 
dampings, are given by [13] 
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where Jt and Jg are the turbine and the generator inertia 
constant (both in kg·m2), respectively; Ks is the shaft stiffness 
(N·m/rad); ωt and ωg are the turbine and the generator rotor 
speed (rad/s), respectively; τt and τe are the torque produced 
by the rotor and the generator on the low speed and high 
speed shaft (N·m), respectively; and θt and θg denote the 
turbine and the generator rotor angle (rad), respectively. 
It should be noted that all terms are referred to the high 
speed shaft (the terms are denoted with the superscript ' ). In 
this case, the following transformations are used [13] 
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where ngear is the gearbox ratio. 
If the shaft stiffness and mutual damping are neglected, the 
one-mass model of the drive train is obtained. In this case, 
there is only a single inertia, representing the sum of the 
turbine and generator inertias. The mathematical equation of 
the one-mass model of the drive train is [14]: 
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It should be noted that the two-mass model takes into 
account the speed and power fluctuations that appear when 
non-normal conditions take place.  
4. Generator Model 
The last component that is going to be modelled is the 
generator, specifically the permanent magnet synchronous 
generator (PMSG). 
When it is desired to obtain a dynamic model of a PMSG 
one must take into account that only the electrical equations 
of the stator are considered (because in the rotor there are no 
windings). It results in a system of three equations, unlike the 
wound rotor three-phase synchronous machine, in which four 
equations are needed to be used. However, despite the 
reduction in the number of equations, it should be noted that 
it would be very difficult to work with the electrical equations 
of the PMSG in the static abc reference-frame, because this 
equations would depend on the mechanical angle θ (which is 
the angle between the rotor position in an instant of time and 
the a-axis), requiring a great deal of simulation time [15]. In 
order to avoid this problem, these equations are transformed 
from a static three-phase reference frame to a two-phase 
rotating reference frame, by means of the Park’s 
transformation [15][16]. 
Then, the dynamic model of the PMSG is derived from the 
two-phase rotating reference frame, in which the d-axis is 
aligned with the vector of the flux produced by the permanent 
magnets and the q-axis is 90º ahead of the d-axis with respect 
to the direction of rotation, as Fig. 4 depicts. This reference 
frame could be named rotor-oriented reference frame, 
because the flux created by the permanent magnets rotates at 
the same speed than that of the rotor. 
 
Fig. 3. Scheme of a two-mass drive train. 
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The mathematical model of the PMSG is based on the 
following assumptions [15][16][17]: the rotor has no damper 
windings; the machine is symmetric (there exist a separation 
of 120º between the stator windings and they have the same 
inductance); there is no leakage flux in the stator windings, so 
the leakage inductance of these windings is considered to be 
zero; the magnetic field has a sinusoidal distribution along the 
air gap; there is a constant air gap (due to the fact that the 
permanent magnets are located at the surface of the rotor, so 
it behaves as a round-rotor machine); magnetic hysteresis and 
saturation effects are negligible (the magnetic characteristic 
of the iron is considered to be lineal); the magnetic 
permeability of the iron is very high, which means that the 
magnetic reluctance is negligible compared to that of the air 
gap. 
Taking into account these simplifications and considering 
the rotor-oriented reference frame, the mathematical model of 
the PMSG can be expressed by the following equations [15]: 
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where subscripts d and q refer to the physical quantities 
that have been transformed into the dq-rotating reference 
frame; usd and usq are the stator voltages (V); isd and isq are the 
stator currents (A); rs is the stator resistance (Ω), Lsd and Lsq 
are the stator inductances (H) in the d and q axis, 
respectively; Ψpm is the permanent magnetic flux (Wb); and 
ωeg is the electrical rotating speed of the generator (rad/s), 
which is given by: 
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where p is the number of pole pairs of the generator and ωg 
is the rotational speed of the rotor (rad/s). 
To complete the mathematical model of the PMSG the 
mechanical equation is needed, and it is described by the 
following electromagnetic torque τe equation [15]: 
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As stated before, the PMSG is assumed to be a round-rotor 
machine, so inductances in d- and q-axis have exactly the 
same value (Lsd = Lsq = Ls). Taking into account this 
simplification, the electrical equations (9), written in the 
steady-state form [18], and the mechanical equation (11) can 
be written as follows 
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The active power Pgen (W) and reactive power Qgen (VAr) 
of the PMSG are [15]: 
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IV. THE PERFORMANCE-ORIENTED MODEL 
The performance-oriented [5] has arisen as an alternative to 
the component-oriented model in order to reduce the 
complexity of the model by reducing the integration time of 
the simulation, which is usually in the range from 2 to 10 
milliseconds. 
The idea is to represent the wind turbine as a current 
source, which depends on various parameters (wind speed, 
mechanical parameters, etc.). The model basically consists of 
a set of transfer functions characterizing the wind turbine 
performance. The final model will consist on a unique 
transfer function that behaves as if it were a WTGS. In fact, a 
wind turbine can be described with a second order equivalent 
transfer function [19], taking into account different 
simplifications. In [20] it is presented a simplification of the 
WTGS by obtaining a simplified equivalent model for both 
the active and reactive power behaviour, once the 
performance of the wind turbine has been analyzed. 
The simplifications that have to be applied in order to 
obtain a performance-oriented model of the WTGS are as 
follows [5][20]: wind speed is assumed constant; variable-
speed operation in carried out within protection settings; 
decoupling between power and speed, i.e. pitch angle control 
aerodynamic representation and mechanical parts can be 
neglected; the generator dynamics is neglected, so it can be 
represented as a linear gain (for power system stability, the 
fast stator flux transient of the generator is not considered): in 
 
Fig. 4. Scheme of a PMSG, with abc-static reference frame and dq-rotating 
reference frame. 
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[21], the generator and its converter are simply represented as 
an algebraic expression that is subjected to power limitation 
during a fault event; since the generator dynamics is 
neglected, the dynamic response is given by the response of 
the power converter, which can be treated as controlled 
current sources; the protection is simplified to V/f protection 
settings. 
All these assumptions lead to a notable reduction in the 
complexity of the system. Table I [5] shows the differences 
between the component-oriented model and the performance-
oriented model. 
 
TABLE I 
DIFFERENCES BETWEEN  PERFORMANCE  MODEL AND COMPONENT  MODEL 
Feature Component model Performance model 
 
Generator 
 
Dynamic model 
 
Linear gain 
 
Pitch Pitch control Not included 
 
Mechanical 
system 
2-mass non-linear model 2-mass linearized 
model 
 
Protection Voltage, frequency, over 
current and over speed 
 
Voltage and 
frequency 
Control Power controller and inner 
current loop 
 
Power controller 
Parameter count 134+345 data points in look 
up table for aerodynamics 
 
37 
Internal states 62 
 
12 
Time step 
limitations 
 
< 1 ms 2-10 ms 
 
 
It can be seen that considering the performance-oriented 
model, significant reduction in model complexity is achieved. 
However it requires an understanding of the operation of the 
whole model, as well as the need to know the correct data. 
Anyway, the simulation time is reduced considerably. 
5. Transfer Function of the VSWT 
The transfer function of the whole system is an n-order 
function in which the input value is the aerodynamic torque 
and the output value is the active power delivered by the 
generator. Fig. 5 shows this concept. This transfer function is 
the result of operating with the transfer functions of the 
different parts of the system, which will be described below. 
6. Wind Speed and Aerodynamic Transfer Functions 
There are no transfer functions related to wind speed and 
aerodynamics because there is no dynamics in the respective 
equations (1-5). It should be noted from that equations that 
the aerodynamic torque remains in a constant value provided 
that the wind speed does not change. So, a step change in 
wind speed means a step change in aerodynamic torque, 
which implies a change in active generated power by means 
of the general transfer function of the system (the input is the 
wind speed, whereas the output is the aerodynamic torque). 
7. Drive Train Transfer Function 
Taking into account that the 2-mass model drive train 
equations (6) are linear equations, they can be expressed in 
the following form 
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where gA , gB , gC  and gD  are the following transfer 
functions 
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As it can be seen, the 2-mass model drive train can be 
considered as four transfer functions, which means that there 
are two inputs (torques) and two outputs (speeds). 
8. PMSG Transfer Function 
The PMSG can be expressed as a transfer function in which 
the input is the generator speed and the output is the active 
power delivered to the grid. In order to obtain the equivalent 
transfer function of the PMSG, one must play with the 
equations (12) and (13), obtaining the expressions that are 
listed below. Next, by combining this equations together with 
(14-16) it is possible to obtain the equivalent transfer function 
of the VSWT-based PMSG, i.e. the performance oriented 
model. 
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Fig. 5. Wind turbine expressed as a transfer function. 
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V. CONCLUSIONS 
The equations that explain the behaviour of a variable-
speed wind turbine-based permanent magnet synchronous 
generator have been presented (this approach is named the 
component-oriented model). The performance-oriented model 
has been commented by means of the transfer functions of the 
subsystems in which a wind turbine consists. The idea of this 
approach is to represent the wind turbine as a current source, 
which depends on various parameters. The model consists of 
a set of transfer functions characterizing the wind turbine 
performance.  
Despite the complexity shown by the equations it should be 
noted that the dynamics that they show are the same as the 
ones presented by the dynamic models. The idea is to 
simplify the transfer functions and to obtain an equivalent 
transfer function that behaves as if it were a wind turbine. 
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